we were not able to demonstrate the overexpression of HER2. Further studies should clarify and better elucidate the potential role of HER2-targeted therapies in RB.
Introduction
Retinoblastoma (RB) is a rare childhood cancer diagnosed in approximately 8,000 children each year worldwide [1] . It constitutes the most common primary intraocular malignancy, with an incidence rate of 1 in 16,000-18,000 live births [1] [2] [3] . No geographical or racial variations in RB incidence were identified [4, 5] . In low-income countries, RB is associated with low survival rates (45%) when compared with middle-( ∼ 65%) and high-income countries (>95%); this is mainly due to limited health care access in these lower-income countries, which translates into delayed diagnosis and, ultimately, metastatic disease [1, 6] . The treatment of choice is based on the likelihood of a cure, visual potential, and accessibility. Current options include enucleation, intravitreous chemotherapy, intravenous chemotherapy with focal laser or cryotherapy, intraarterial chemotherapy with focal therapy, and focal therapy alone (for small tumors) [6, 7] . However, their use must be weighed against associated, and potentially life-threatening, short-and long-term systemic complications [1, Keywords Retinoblastoma · Human epidermal growth factor receptor 2 · Transmembrane protein · Anti-HER2 antibody · Immunohistochemistry Abstract Background: Retinoblastoma (RB) is the most common primary intraocular malignancy. Current therapies are associated with high morbidity in the short-and long-term. Human epidermal growth factor receptor 2 (HER2) is a transmembrane protein detected in 15-30% of breast cancers, but it has also been described in other malignancies. Recently, it has been claimed that a truncated version of this protein is expressed in RB, responsive to directed therapies in vitro. We scored HER2 overexpression in RB tissue samples and discussed its potential clinical utility. Methods: HER2 overexpression was investigated using immunohistochemistry; the overexpression was evaluated with a score ranging from 0 to 3+ according to the membranous staining pattern in archival formalin-fixed, paraffin-embedded RBs. Results: A total of 60 RB cases and a RB cell line (Y79) were considered. The mean age at enucleation was 31.6 ± 31.5 months. The mean time from diagnosis to enucleation was 11.8 ± 11.2 months (range 1-44). Five (8%) cases were multifocal. HER2 overexpression was negative in all RB cases (49 cases scored 0 and 11 scored 1+) and in the Y79 cell line. Conclusions: Overall, [6] [7] [8] . New treatment options are being developed to target specific RB genes and receptors, thus circumventing some of these potential safety issues [9, 10] .
Human epidermal growth factor receptor 2 (HER2) is a transmembrane protein that is encoded by the HER2 proto-oncogene (also known as neu or c-erb B-2), mapped on chromosome 17q21 [11] . Its overexpression is mainly associated with breast cancer [12] . This finding has been explored therapeutically with good results using a HER2-specific humanized monoclonal antibody, such as trastuzumab or lapatinib [13] . The identification of HER2 overexpression in other malignancies, such as ovarian cancer [14] , gastric cancer [15] , colon cancer [16] , pancreatic cancer [17] , and bladder cancer [18] has led to HER2-directed therapeutic strategies for these neoplastic processes [19, 20] .
Previous studies have suggested that HER2 would not be expressed in RB [21] . However, Seigel et al. [22] have recently claimed that significant HER2 immunoreactivity may be present in RB cell lines and in a small cohort of primary RB patients ( n = 11). The authors suggested that a truncated version of the HER2 protein was present in RB, and only a few anti-HER2 antibodies could recognize this version. Furthermore, this truncated version spared the trastuzumab binding site. In accordance with these findings, a truncated HER2 transmembrane protein has been proposed as a potential target in RB therapy [23] ; however, due to its recent identification and limited characterization, there are no published data on therapies targeting HER2 in RB.
We aimed to study, describe, and analyze HER2 immunoexpression in a large cohort of primary RB cases as a potential novel therapeutic target.
Materials and Methods
A total of 60 formalin-fixed, paraffin-embedded primary RBs were gathered from the archives of the Henry C. Witelson Ocular Pathology Laboratory, McGill University (Montreal, QC, Canada). Age and sex data were obtained from histopathological reports. The tenets of the declaration of Helsinki were followed.
Tissue samples were hematoxylin and eosin stained, converted to digital slides, and evaluated for the presence of histopathological prognostic factors (ImageScope, version 12.1.0.5029; Aperio Technologies, Nussloch, Germany). Specifically, the following characteristics were evaluated: (i) growth, (ii) differentiation, (iii) optic nerve invasion, (iv) choroidal involvement, (v) anterior chamber invasion, and (vi) vitreous seeding. All cases in which these characteristics could not be accurately evaluated were excluded. According to the morphological findings, a pathological score (1-7) was calculated according to the RB pathological classification system, pTNM ( Table 1 ) [24] .
In order to study the Y79 RB cell line, cell culture and cell block were performed, as previously described [25, 26] .
Immunohistochemistry (IHC) was performed using the Ventana BenchMark LT (Ventana Medical System Inc., Tucson, AZ, USA). The fully automated processing of barcode-labeled slides included baking the slides, using solvent-free deparaffinization, and performing CC1 (Tris/EDTA buffer pH 8.0) antigen retrieval. In order to achieve the desired selective membranous staining, the antibody concentration was titrated using amplified HER2, as confirmed by fluorescent in situ hybridization (FISH) mammary carcinoma and an HER2 score of 3+ by IHC ( Fig. 1 ) . Slides were incubated with a 1/200 dilution of the monoclonal anti-tyrosine kinase-type cell-surface receptor HER2 antibody, which was produced in rabbit (#HPA001383; Sigma-Aldrich Canada Co., Oakville, ON, Canada) for 30 min at 37 ° C, followed by the application of a biotinylated secondary antibody (8 min, 37 ° C), and an avidin/streptavidin enzyme conjugate complex (8 min, 37 ° C). Finally, the antibody was detected by DAB chromogenic substrate and counterstained with hematoxylin. As a positive control, HER2-positive mammary carcinoma tissue was used in each run. The primary antibody was omitted for negative controls.
The digital slides were evaluated and classified with a digital software using a score of 0 (i.e., negative) to 3+ (i.e., positive), similar to the method used for breast carcinoma [27] . This 4-level scoring system corresponds to the following characteristics: 0 for the absence of membranous staining; 1 for faint, partial membranous staining in >10% of cancer cells, with rare or absent cells exhibiting circumferential staining; 2 for weak, circumferential membranous staining in >10% of cells; and 3 for intense circumferential membranous staining in >10% of cells. Absent or weakly stained cells (0 or 1+, respectively) equate to <100,000 receptors and no detectable amplification of the HER2 gene. Strong, circumferential staining (3+) correlates with a level of expression that is almost always associated with HER2 amplification [28] .
Results

Overview
A total of 60 RB specimens obtained from 60 patients (66.7% of which were males) were immunostained in this study. The mean age at enucleation was 31.6 ± 31.5 months (range: ) and the mean time to enucleation was 11.8 ± 11.2 months (range: 1-44). Table 1 summarizes the pathological classification of our sample. Among all RB cases in this study, 7 (11.7%) were well differentiated and 37 (61.7%) were poorly differentiated. Regarding growth, almost all cases (91.7%) exhibited both endophytic and exophytic patterns. In 15 (25%) cases, there was invasion of the anterior chamber. Involvement of the choroid and the optic nerve by RB cells was identified in 41 (68.3%) and 48 (80%) cases, respectively. Vitreous seeding was recognized in 40 (66.7%) 
Morphological Characteristics
HER2 Immunoreactivity
A HER2 1+ score was identified in 11 (18.3%) cases. In the remaining cases, membrane staining of the RB tissue samples was also negative (score = 0) ( Fig. 2 ) . Furthermore, we used the Y79 cell line to confirm these findings. This cell line showed no HER2 immunoreactivity (score = 0), with proper control slides staining ( Fig. 3 ) . Positive controls stained positively with an HER2 score of 3+ on each machine run and using a fully automated process ( Fig. 1 ) .
Discussion
Although some conventional therapies targeting multiple pathways had already led to some important successes in medicine [29] , highly selective therapies are now at the frontline of the drug discovery industry since their adverse events can be significantly reduced [30] . The first step in drug discovery is the identification of a novel drug target. As is the case for the HER2 protein with trastuzumab, other extracellular proteins and cell-surface receptors are potentially good targets for selective biologic therapies. The idea is to guide the cytotoxic response to a selected location in the disease tissue, where the antigen is expressed [30] . In breast cancer, the success of trastuzumab therapy significantly improved the disease-free and overall survival of women with tumors overexpressing HER2 in both early and metastatic breast cancer [31] .
Most commonly, HER2 testing in clinical practice is done either using FISH to directly quantify the HER2 gene copy number, or by IHC analysis, with confirmatory FISH if necessary [32] .
As previously stated, Seigel et al. [22] have recently claimed that there is a truncated version of this transmembrane protein in RB tissue samples, as recognized by 214 some antibodies -including trastuzumab. These authors studied HER2 expression in various cell lines and in 11 tissue samples, which were scored from 0 to 3+. According to the guidelines for HER2 IHC scoring in both breast and gastric cancer, a score of 0 or 1+ is considered negative, a score of 2+ is considered equivocal, and a score of 3+ is considered positive. Only a 3+ positive score is an indication for the use of HER2-directed therapies [27] . In their study, 3 (27%) of the tissue samples had a HER2 3+ score (i.e., positive), 5 (46%) had a 2+ score (i.e., equivocal), and the remaining 3 (27%) were classified with a 1+ score (i.e., negative) [22] .
Thus, it would be important to better study and clarify these findings using a larger sample in order to elucidate the potential clinical utility of trastuzumab and other anti-HER2 therapies in RB cases. Yet, our study that investigated a large and heterogeneous sample of RB tissue samples showed negative HER2 immunostaining in all cases. Of note, positive controls stained positively with an HER2 score of 3+ on each machine run and using a fully automated process ( Fig. 1 ) . These results are in accordance with previously published data, in which HER2 immunoreactivity was not found [21] . However, as we were expecting similar findings, we comprehensively reviewed our methodology. The tissue sample preparation and IHC were performed in a similar fashion. Also, the antibody used was the same (Sigma-Aldrich #HPA001383). This anti-HER2 antibody binds to the intracellular protein domain and detects the truncated HER2 protein, which Seigel et al. [22] postulate to be present in Rb. We used HER2-positive mammary carcinoma as a positive control. In order to achieve the desired selective membranous staining, the antibody concentration was titrated as described in the Materials and Methods section, and a dilution of 1: 200 was used ( Fig. 1 c, d) . Notably, this dilution is 10 times lower than the one used by researchers who suggested positive HER2 immunoexpression in RB [22] . Since in this IHC study, we aimed to specifically stain a transmembrane protein, it would be crucial to accurately define the antibody concentration and protocol as described in the Materials and Methods section. Therefore, we believe our findings are not falsely negative, as the control slide was clearly positively stained (score 3+) and all concurrent Rb slides were negative for HER2. On the contrary, in Figure 1a of Seigel et al.'s study [22] , one may observe significant background staining, with unclear cellular membrane definition. The fact that these may correspond to false positive results should be clarified in future studies.
As presented in the Results section, the RB samples from the Henry C. Witelson Ocular Pathology Laboratory displayed a full spectrum of morphological characteristics, such as the presence/absence of the optic nerve, as well as choroidal and extraocular invasion ( Table 1 ) . Moreover, and in order to validate the immunoreactivity of the tissue, we have recently performed studies for other targets using the same RB samples and IHC methodology in our laboratory, in which positive immunoexpression was obtained [9] . It would be unlikely that none of the cases analyzed, which were fixated using buffered formalin within different time frames, were all negative for HER2 overexpression.
Our study has several limitations. In their study, Seigel et al. [22] used 2 different antibodies, both of which yielded positive findings. We used only 1 of these antibodies, as previously described. However, since we comprehensively reviewed the IHC methodology and antibody titration, the use of the second antibody was expected to lead us to the same negative immunostaining. For future studies, it would be interesting to separately group hereditary and nonhereditary RB; however, genetic data were not accessible from the registry. Lastly, even though FISH is the gold standard method used, we decided to design this study based on IHC results, so our findings would be comparable with the recent findings of RB HER2 expression. However, the only way to definitely conclude if HER2 is overexpressed is to study with FISH. We plan to perform FISH in future studies, which would help to clarify the HER2 status in RB. 
Conclusion
Overall, our sample of RB tissue samples was negative for HER2 overexpression. These results do not reproduce the recent findings of HER2 immunoexpression in RB. Considering our translational approach, and with respect to clinical utility, a novel and good drug target for RB should not be susceptible to such variability. Further studies would clarify and better elucidate the potential role of HER2-targeted therapies in RB.
